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Abstract
We present a novel extension of the Standard Model which fulfills the multiple-point prin-
ciple without contradicting the Higgs particle mass measurement. In the model, the scalar
potential has two minima where the scalar field has vacuum expectation values of 246 GeV and
the Planck mass ≃ 2.44× 1018 GeV, the latter of which is realized by considering a classically
scale invariant setup and requiring that the scalar quartic coupling and its beta function vanish
at the Planck scale. The Standard Model Higgs field is a mixture of an elementary scalar
and composite scalars in a new strongly-coupled gauge theory, and the strong dynamics gives
rise to the negative mass for the SM Higgs field, and at the same time, causes separation of
the SM Higgs quartic coupling and the quartic coupling for the elementary scalar, which leads
to the vanshing of the latter quartic coupling and its beta function at the Planck scale. The
model predicts new scalar particles with about 300 GeV mass possessing electroweak charges
and Yukawa-type couplings with Standard Model fermions, and a new light gauge boson that
couples to Standard Model fermions.
The multiple-point principle (MPP) [1] is a conjecture that Nature fixes fundamental pa-
rameters in such a way that multiple degenerate vacua coexist. It is further assumed that
there are at least two vacua in the Standard Model (SM) scalar potential, one correspond-
ing to our electroweak symmetry breaking vacuum and another to a vacuum where the Higgs
field takes a vacuum expectation value (VEV) at the Planck scale MP ≃ 2.44 × 1018 GeV.
The MPP demands that the effective potential for the Higgs field whose coupling constants
are renormalization-group (RG)-improved, V (φ) = −1
2
m2(φ)φ2 + λ(φ)φ4, satisfy at the Planck
scale
m2(φ ≃MP ) = 0, λ(φ ≃MP ) = 0, βλ(φ ≃MP ) ≡ d
d logφ
λ(φ)|φ≃MP = 0. (1)
These can be fulfilled if the theory is classically scale invariant [2] at the Planck scale and if the
Higgs quartic coupling and its beta function simultaneously vanish at that scale. Unfortunately,
the recent precise Higgs particle mass measurement reporting mh = 125.09 ± 0.24 GeV [3],
combined with analysis of the RG evolutions of the Higgs quartic coupling and other SM
couplings [4, 5], suggests that it is unlikely to have λ(φ ≃ MP ) = βλ(φ ≃ MP ) = 0 in the SM
and its extensions with classical scale invariance. 1
In this paper, we propose a novel extension of the SM which satisfies the conditions of
Eq. (1) and is consistent with the measured Higgs particle mass. Our model is classically scale
invariant at high energy scales and the SM Higgs field mass term is generated dynamically in
a new strongly-coupled gauge theory. A salient feature of the model is that the SM Higgs field
is a mixture of an elementary scalar field and composite scalar fields in the new gauge theory.
The SM Higgs quartic coupling, λSM, results from the quartic coupling for the elementary scalar
field, λ, which are related as λSM = c4H λ, with 0 < cH < 1 being the fraction of the elementary
scalar in the SM Higgs field. Hence, the quartic coupling for the elementary scalar is enhanced
by 1/c4H compared to that for the SM Higgs field and can attain λ(φ ≃MP ) = βλ(φ ≃MP ) = 0
with an appropriate choice of cH . The mixing of the elementary and composite scalars is also
responsible for dynamical generation of the negative Higgs field mass by the bosonic seesaw
mechanism [7], which is also utilized in similar models [8].
We search for strongly-coupled gauge theories that can be employed to realize the above
framework. We consider QCD-like gauge theories with fermions as candidate theories, and
assume that strong dynamics of the theory triggers confinement of the fermions and dynamical
breaking of the flavor symmetry, analogously to QCD. The candidates are classified into three
categories, where
1 If one relaxes the requirement of classical scale invariance, it is possible to have λ(φ ≃ MP ) = βλ(φ ≃
MP ) = 0 in a simple extension of the SM. See Ref. [6].
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(i) the fundamental representaion of the gauge group is complex, and there are Nf left-
handed fermions in the fundamental representation and Nf in its conjugate representation.
The mesons resulting from confinement (including those which become Nambu-Goldstone (NG)
bosons and others) are in Nf ×Nf representation of SU(Nf )1×SU(Nf )2 flavor symmetry, and
along dynamical symmetry breaking, it breaks as SU(Nf )1 × SU(Nf )2 → SU(Nf).
(ii) the fundamental representaion of the gauge group is real, and there are 2Nf Weyl
fermions in the fundamental representation. The mesons are in the rank-2 symmetric repre-
sentation of SU(2Nf ) flavor symmetry, and along dynamical symmetry breaking, it breaks as
SU(2Nf )→ SO(2Nf).
(iii) the fundamental representaion of the gauge group is pseudo-real, and there are 2Nf
Weyl fermions in the fundamental representation; The mesons are in the rank-2 antisymmet-
ric representation of SU(2Nf ) flavor symmetry, and along dynamical symmetry breaking, the
symmetry breaks as SU(2Nf )→ USp(2Nf ).
For the model building, we impose two requirements below on the candidate gauge theories:
(a) It should be possible to embed the SU(2)W × U(1)Y electroweak symmetry into the
flavor symmetry in such a way that it is not broken along dynamical symmetry breaking and
that there exists a meson in (2, 1/2) representation.
(b) All the NG bosons should be charged under the SU(2)W × U(1)Y electroweak gauge
group, so that they gain mass through electroweak interactions.
(a) is mandatory to realize the mixing of a meson with an elementary scalar that yields the
SM Higgs field (we do not consider cases where a bosonic baryon, instead of a meson, mixes
to give the SM Higgs field). (b) is necessary to construct an experimentally viable model;
NG bosons neutral under the SU(2)W × U(1)Y group are massless, as current mass is absent
due to classical scale invariance, or even become tachyonic through Yukawa interaction with
the elementary scalar H . Moreover, these NG bosons have Wess-Zumino-Witten term [9] with
electroweak gauge bosons and could be accessed in collider experiments. The presence of such
bosons would impose a strong restriction on the dynamical scale and hence on the mixing angle
of the elementary and composite scalars, rendering the MPP conditions unachievable.
As a matter of fact, (a) and (b) cannot be met in all of the type-(i), (ii) and (iii) theories.
Nevertheless, we find that introduction of a new weakly-coupled gauge symmetry into type-(iii)
theory with Nf = 2 can reach the goal. The model we consider is based on a strongly-coupled
gauge theory with 4 Weyl fermions in its pseudo-real fundamental representation, where the
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SU(2)W × U(1)Y symmetry is straightforwardly embedded into the SU(4) flavor symmetry
to have a meson in (2, 1/2) representation. Along dynamical symmetry breaking, it breaks
as SU(4) → USp(4), with USp(4) ⊃ SU(2)W × U(1)Y and hence the electroweak symmetry
maintained. There appear 5 NG bosons, 4 being charged under SU(2)W × U(1)Y and 1 being
neutral. The key is to gauge part of the flavor symmetry corresponding to this neutral NG
boson, which we call U(1)X gauge symmetry, so that the neutral NG boson becomes the
longitudinal component of the U(1)X gauge boson along dynamical symmetry breaking, like in
the technicolor model [10], and does not appear as a light physical field. To cancel U(1)X −
SU(2)W−SU(2)W , U(1)X−U(1)Y −U(1)Y , U(1)X−U(1)X−U(1)Y and U(1)X−U(1)X−U(1)X
chiral anomalies, we assign U(1)X charges not only to the fermions in the strongly-coupled
gauge theory but also to SM fermions, which is successful only in the current model with
SU(4) → USp(4) breaking. For concreteness, in this paper, we choose the minimal gauge
group for the type-(iii) strongly-coupled gauge theory, that is, SU(2).
This paper is organized as follows: After the introduction, we describe in detail the field
content and gauge symmetry of the model, and study SU(2) gauge dynamics to show that the
mixing of elementary and composite scalars can yield the SM Higgs field. Next, by a numerical
analysis on the RG equations for the coupling constants, we demonstrate that the MPP condi-
tions can be satisfied for some values of the top quark pole mass and the mixing angle of the
elementary and composite scalars. We further derive the spectrum of light new particles in the
model and discuss its phenomenological implications, and then conclude the paper.
The gauge symmetry of the model is SU(3)C ×SU(2)W ×U(1)Y ×SU(2)T ×U(1)X , where
SU(3)C , SU(2)W and U(1)Y are the SM color, weak and hypercharge gauge groups, respectively,
while SU(2)T and U(1)X are newly gauge groups. The SU(2)T gauge theory becomes strongly-
coupled at infrared scales and plays an essential role in the model, while the U(1)X gauge group
is introduced to avoid having an extremely light NG boson after dynamical symmetry breaking
in the SU(2)T gauge theory. The model contains the SM fermions plus three flavors of SM-
gauge-singlet neutrinos, and new fermions charged under the electroweak and new gauge groups
SU(2)T × U(1)X × SU(2)W × U(1)Y . Further contained is an elementary scalar field with the
same electroweak charge as the SM Higgs field and without SU(2)T or U(1)X charge. The field
content is shown in Table 1. Note in particular that chiral anomaly involving the electroweak
gauge symmetry and the U(1)X is absent. The SU(2)T gauge theory involves 4 Weyl fermions,
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Lorentz SO(1, 3) SU(3)C SU(2)W U(1)Y SU(2)T U(1)X flavor
q (1,2) 3 2 +1/6 1 x 3
uc (1,2) 3¯ 1 −2/3 1 −x 3
dc (1,2) 3¯ 1 +1/3 1 −x 3
ℓ (1,2) 1 2 −1/2 1 −3x− 2/3 3
ec (1,2) 1 1 +1 1 3x+ 2/3 3
nc (1,2) 1 1 0 1 3x+ 2/3 3
χ = (χ1, χ2) (1,2) 1 2 0 2 +1 -
ψ1 (1,2) 1 1 +1/2 2 −1 -
ψ2 (1,2) 1 1 −1/2 2 −1 -
H 1 1 2 +1/2 1 0 -
Table 1: Field content of the model. Also shown are the Lorentz transformation properties and
charge assignments in the SU(3)C × SU(2)W × U(1)Y × SU(2)T × U(1)X gauge group. Here,
x can be an arbitrary number.
χ = (χ1, χ2), ψ1 and ψ2. For notational convenience, we write them interchangeably as

χ1
χ2
ψ1
ψ2

 =
(
χ
ψ
)
= Ψ. (2)
Classical scale invariance forbids mass term for the elementary scalar field H . There is a
Yukawa-type coupling among H , χ, ψ1 and ψ2, given by
−LHχψ = −y1H† ψT1 ǫsǫtχ− y2 (HT ǫTw)ψ2ǫsǫtχ− y∗1 χ†ǫsǫtψ∗1 H − y∗2 χ†ǫsǫtψ∗2 (ǫwH∗)
= tr
[(
y1 0
0 y2
)(
H†
HT ǫTw
)
χǫsǫtψ
T + ψ∗ǫsǫtχ
†
(
H ǫwH
∗
)( y∗1 0
0 y∗2
)]
, (3)
where ǫs, ǫt and ǫw denote the antisymmetric tensors acting on spinor indices, SU(2)T gauge
indices, and SU(2)W gauge indices, respectively, and it is granted that χǫsǫtψ
T represents a
2×2 matrix composed of bilinears of fermions χ1, χ2, ψ1, ψ2 and ψ∗ǫsǫtχ† represents its hermitian
conjugate. Additionally, we have a quartic coupling for the elementary scalar H and Yukawa
couplings for H , SM fermions and SM-gauge-singlet neutrinos, expressed as
−Lquartic+Yukawa = λ (H†H)4 + Yu q¯u (ǫwH∗) + Yd q¯dH + Yn ℓ¯n (ǫwH∗) + Ye ℓ¯eH + h.c., (4)
where flavor indices are omitted. The above term induces the SM Higgs quartic coupling, the
SM Yukawa couplings and the Dirac Yukawa coupling for neutrino mass after H mixes with
mesons in the SU(2)T gauge theory.
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The SU(2)T gauge theory possesses SU(4) global symmetry at quantum level. We label its
15 generators in the basis (χ1, χ2, ψ1, ψ2) as
T a =
1
2
(
σa O
O O
)
, T a+3 =
1
2
(
O O
O σa
)
, T a+6 =
1
2
√
2
(
O σa
σa O
)
, T a+9 =
1
2
√
2
(
O −iσa
iσa O
)
,
T 13 =
1
2
√
2
(
O I
I O
)
, T 14 =
1
2
√
2
(
O −iI
iI O
)
, T 15 =
1
2
√
2
(
I O
O −I
)
(a = 1, 2, 3),
(5)
where σa’s are Pauli matrices, and I and O denote 2 × 2 unit and zero matrices, respectively.
T 1, T 2, T 3 are the generators for the weak gauge group SU(2)W and T
6 is that for the hyper-
charge gauge group U(1)Y . T
15 is the generator for the new gauge group U(1)X .
We assume that the SU(2)T gauge theory becomes strongly-coupled at infrared scales and
triggers confinement and dynamical symmetry breaking as in QCD. It is also assumed that the
U(1)X gauge coupling is smaller than the weak and hypercharge gauge couplings. Then, given
the most attractive channel hypothesis [11], the dynamical symmetry breaking occurs in the
pattern that preserves the SU(2)W ×U(1)Y electroweak gauge symmetry but breaks the U(1)X
gauge symmetry, which is given by
〈0|ΨT ǫsǫtE Ψ|0〉 6= 0, E ≡


0 1 0 0
−1 0 0 0
0 0 0 1
0 0 −1 0

 . (6)
In the dynamical symmetry breaking, the SU(4) global symmetry is spontaneously broken into
USp(4) symmetry, along which the generators T a+9 (a = 1, 2, 3), T 13 and T 15 are broken. Since
T 15 is the generator for the U(1)X gauge group, the NG boson associated with its breaking
becomes the longitudinal component of the U(1)X gauge boson by the Higgs mechanism, as in
the technicolor model [10]. The NG bosons associated with T a+9 (a = 1, 2, 3) and T 13, denoted
by Πb (b = 10, 11, 12, 13), appear as physical fields and couple to the currents in the following
way:
〈0|Ψ†σµT bΨ |Πc〉 = ifΠ pµ δbc (b, c = 10, 11, 12, 13), (7)
where fΠ is the NG boson decay constant, approximated to be common for all NG bosons.
Since electroweak gauge interactions explicitly violate T b (b = 10, 11, 12, 13) part of the SU(4)
global symmetry, the NG bosons Πb are pseudo-NG (pNG) bosons with mass, whose origin is
identical with the mass difference between the charged and neutral pions in QCD. Their mass,
MΠb , is computed with Dashen’s formula [12] as
M2Πb =
1
f 2Π
〈0|[Qb, [Qb,Hbreak]]|0〉, (8)
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where Qb is the conserved charge for the current of generator T b, and Hbreak is the effective
Hamiltonian that explicitly breaks the SU(4) global symmetry. In the leading order of the elec-
troweak gauge couplings, and when the coupling constants y1, y2 and the electroweak symmetry
breaking are ignored, Hbreak reads
Hbreak = − i
2
g2W
4
∫
d4xDµν(x)
3∑
c=1
χ†(x)σµσcχ(x) χ†(0)σνσcχ(0)
− i
2
g2Y
4
∫
d4xDµν(x){ψ†1(x)σµψ1(x)− ψ†2(x)σµψ2(x)}{ψ†1(0)σµψ1(0)− ψ†2(0)σµψ2(0)} (9)
where Dµν is the propagator for a free massless gauge field, and gW and gY are the weak and
hypercharge gauge couplings, respectively. Substituting Eq. (9) into Eq. (8), one obtains
M2Πb =
i
2
1
f 2Π
∫
d4x
(
g2W
4
+
g2Y
4
)
Dµν(x)〈0|T
{
χ†1(x)σ
µχ1(x)χ
T
2 (0)ǫ
T
s σ¯
νǫsχ
∗
2(0)
}
|0〉,
=
i
2
1
f 2Π
∫
d4x
(
g2W
4
+
g2Y
4
)
Dµν(x)〈0|T
{
ψ†1(x)σ
µψ1(x)ψ
T
2 (0)ǫ
T
s σ¯
νǫsψ
∗
2(0)
}
|0〉 ≡M2Π,
(10)
where we exploit the fact that the SU(2)T gauge dynamics does not distinguish χ1, χ2, ψ1, ψ2
and that correlators of two χi fields and two ψ
†
j fields vanish, and, as M
2
Πb ’s are common, they
are rewritten as M2Π. We stress that the correlator in Eq. (10) is proportional to the square of
dynamical symmetry breaking VEV 〈0|χT1 ǫsǫtχ2|0〉 = 〈0|ψT1 ǫsǫtψ2|0〉 6= 0. Eq. (10) is compared
to an analogous formula for the mass difference between charged and neutral pions,
m2pi± −m2pi0 =
i
2
1
f 2pi
∫
d4x 4e2Dγµν(x)〈0|T
{
q†L(x)σ
µqL(x) qR(0)
†σ¯νqR(0)
}
|0〉, (11)
where qL, qR respectively denote left-handed and right-handed quarks, e denotes electromag-
netic coupling and fpi denotes the pion decay constant. The correlator in Eq. (11) is proportional
to the square of chiral symmetry breaking VEV 〈0|q†LqR|0〉 6= 0. Defining the ratio of the dy-
namical scales of the SU(2)T gauge theory and QCD as r ≡ ΛT/ΛQCD and assuming it to be
the same as the dynamical symmetry breaking VEV ratio, we obtain the following expression
for the pNG boson mass:
M2Π = r
2g
2
W + g
2
Y
16e2
f 2pi
(f chiralpi )
2
(m2pi± −m2pi0) (12)
where f chiralpi denotes the pion decay constant in chiral-limit QCD. From experimental values [14]
and a lattice calculation of f chiralpi [15], we find
M2Π = r
2 (0.0231GeV)2. (13)
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We derive asymptotic expressions for Πb (b = 10, 11, 12, 13) in terms of fundamental fermions
Ψ. For this purpose, we remind that the pNG bosons should transform, under the unbroken
generators T a, T a+3, T a+6 (a = 1, 2, 3) and T 14, as adjoint representations corresponding to T b.
We further note that under charge-conjugation-parity transformation, CP , followed by a global
SU(4) transformation, J2 = ei(pi/2)(T 2+T 5), each side of Eq. (7) transforms as
〈0| (J2 · CP) Ψ†σµT bΨ (J2 · CP)−1 (J2 · CP) |Πc〉 = ifΠ pµ δbc
⇒ 〈0| (−1)Ψ†σµT bΨ (J2 · CP|Πc〉) = ifΠ pµ δbc, (b, c = 10, 11, 12, 13), (14)
which implies that the pNG bosons should transform as Πb → −Πb under the J2 · CP transfor-
mation. These two requirements uniquely fix the asymptotic expressions for the pNG bosons
to be 2
Πb ∝ 1
2
(
ΨT ǫsǫtET
bΨ−Ψ†ǫsǫt T bE Ψ∗
)
(b = 10, 11, 12, 13). (15)
The remaining components of ΨT ǫsǫtET
bΨ, which are even under the J2 · CP transformation,
correspond to asymptotic expressions for another set of mesons, Θb (b = 10, 11, 12, 13), that
transforms as Θb → Θb under the J2 · CP transformation. Namely, we have
Θb ∝ 1
2i
(
ΨT ǫsǫtET
bΨ+Ψ†ǫsǫt T
bE Ψ∗
)
(b = 10, 11, 12, 13). (16)
Since Θb’s are not NG bosons, they gain mass at the dynamical scale of the SU(2)T gauge
theory, which we approximate to be common and denote by MΘ. Now that we have obtained
asymptotic expressions for Πb and Θb, we formulate their scalar decay constants, GΠ and FΘ,
which we approximate to be common for b = 10, 11, 12, 13, as
〈0| 1
2
(
ΨT ǫsǫtET
bΨ−Ψ†ǫsǫt T bE Ψ∗
) |Πc〉 = GΠ δbc, (17)
〈0| 1
2i
(
ΨT ǫsǫtET
bΨ+Ψ†ǫsǫt T
bE Ψ∗
) |Θc〉 = FΘMΘ δbc. (18)
It is insightful to define the following canonically-normalized SU(2)W doublet fields with hy-
percharge Y = 1/2, Π and Θ:
Π ≡ 1√
2
(
Π11 + iΠ10
Π13 − iΠ12
)
, Θ ≡ 1√
2
(
Θ11 + iΘ10
Θ13 − iΘ12
)
, (19)
with which the asymptotic expressions for the NG bosons and massive mesons take the following
form:
GΠ
(
ǫwΠ
∗ Π
)( 0 1
−1 0
)
+ i FΘMΘ
(
ǫwΘ
∗ Θ
)( 0 1
−1 0
)
= χǫsǫtψ
T . (20)
2 To see that Eq. (15) transforms as adjoint representations corresponding to T b, use an identity for the
unbroken generators T aˆ (aˆ = 1, 2, ..., 9, 14), (T aˆ)TE = −ET aˆ. To verify that Eq. (15) is odd under the J2 · CP
transformation, note the fact that Ψ has ±i eigenvalue in the CP transformation.
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The Yukawa-type coupling Eq. (3) induces mixing terms among the elementary scalar field
H , the NG boson Π and the massive meson Θ, given by
−LHχψ = i tr
[(
y1 0
0 y2
)(
H†
HT ǫTw
){
GΠ
(
ǫwΠ
∗ Π
)
+ i FΘMΘ
(
ǫwΘ
∗ Θ
) }( 0 1
−1 0
)
−
(
0 −1
1 0
){
GΠ
(
ΠT ǫTw
Π†
)
− i FΘMΘ
(
ΘT ǫTw
Θ†
)}(
H ǫwH
∗
)( y∗1 0
0 y∗2
)]
= (y1 − y∗2)FΘMΘΘ†H + (y∗1 − y2)FΘMΘH†Θ+ i(y∗1 + y2)GΠΠ†H − i(y1 + y∗2)GΠH†Π.
(21)
With the above mixing terms, the mass matrix for the elementary scalar H , the NG boson Π
and the massive meson Θ is derived to be
−L ⊃ ( H† Θ† Π† )

 0 (y∗1 − y2)FΘMΘ −i(y1 + y∗2)GΠ(y1 − y∗2)FΘMΘ M2Θ 0
i(y∗1 + y2)GΠ 0 M
2
Π



 HΘ
Π

 . (22)
The mass matrix Eq. (22) can be further approximated: Without fine-tuning between y1 and
y2, we have |y∗1 − y2|FΘMΘ ∼ |y∗1 + y2|GΠ, because FΘMΘ and GΠ have the same dynamical
origin. In contrast, we have M2Θ ≫ MΠ, because the Θ meson mass is about the dynamical
scale of the SU(2)T gauge theory, whereas the mass of Π meson, which is a pseudo-NG boson,
is suppressed by g2W times a loop factor 1/(16π
2) compared to the dynamical scale, as is found
in Eq. (10). Therefore, Eq. (22) can be approximated as
−L ⊃M2ΘΘ†Θ+
(
H† Π†
)( 0 −i(y1 + y∗2)GΠ
i(y∗1 + y2)GΠ M
2
Π
)(
H
Π
)
. (23)
We further rotate the phase of H to make −i(y1 + y∗2) real. After diagonalization, the mass
matrix becomes
−L ⊃M2ΘΘ†Θ−M21 H†1H1 +M22 H†2H2, (24)
where
(
H
Π
)
=
(
cH sH
−sH cH
)(
H1
H2
)
, cH =
√
1− s2H =
√
M2Π +M
2
1
M2Π + 2M
2
1
,
−M21 +M22 =M2Π, M21M22 = |y∗1 + y2|2G2Π, M22 > M21 > 0. (25)
Since H1 has a negative mass squared term −M21 , it develops a non-zero VEV that breaks the
electroweak symmetry. We therefore identify H1 with the SM Higgs field, which gives
M21 =
m2h
2
, (26)
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where mh ≃ 125 GeV is the SM Higgs particle mass. The SM Higgs quartic coupling and the
SM Yukawa couplings are induced from those of the elementary scalar H in the fundamental
Lagrangian Eq. (4), as
−Lquartic+Yukawa ⊃ λ
c4H
(H†1H1)
4 +
Yu
cH
q¯u (ǫwH
∗
1 ) +
Yd
cH
q¯dH1 +
Yn
cH
ℓ¯n (ǫwH
∗
1 ) +
Ye
cH
ℓ¯eH1 + h.c.,
(27)
Π possesses a quartic coupling that originates from the explicit breaking of the SU(4) global
symmetry by the electroweak gauge interaction. However, it is roughly a loop factor 1/(16π2)
times g4W and hence has a negligible contribution to the SM Higgs quartic coupling.
We demonstrate that the quartic coupling for the elementary scalar H satisfies
λ(µ ≃MP ) = 0, βλ(µ ≃ MP ) ≡ d
d log µ
λ(µ)|µ≃MP = 0, (28)
(µ is a renormalization scale) for some values of the top quark pole mass and the mixing angle
of H and Π, realizing the MPP. For this purpose, we numerically solve the RG equations for the
H quartic coupling λ and relevant coupling constants including the top quark Yukawa coupling
(Yu)33 in Eq. (4) and the SM gauge coupling constants. The RG equations are obtained by
adding contributions of new particles to the SM two-loop RG equations in Ref. [4]. We make
the approximation that the particle content changes from (SM particles+pNG boson) to (SM
particles+fermionic particles made of χ, ψ1, ψ2 fields) at some matching scale, Mmatch, and
ignore loop-level threshold corrections. Hence, for renormalization scales µ < Mmatch, the pNG
boson Π contributes to the evolution of the weak and hypercharge gauge couplings. At the
scale µ = Mmatch, the SM Higgs quartic coupling, λ
SM , and top quark Yukawa coupling, ySMt ,
are matched to the H quartic coupling λ and the Yukawa coupling (Yu)33 as
1
c4H
λ(µ = Mmatch) = λ
SM(µ =Mmatch),
1
cH
(Yu)33(µ =Mmatch) = y
SM
t (µ =Mmatch). (29)
For scales µ > Mmatch, fermionic particles made from Ψ affect the evolution of the weak and
hypercharge gauge couplings. A reasonable choice for the matching scaleMmatch is the Θ meson
mass, because it corresponds to the confinement scale below which composite fields Θ as well
as Π appear. In the analysis, therefore, we vary Mmatch about the Θ mass MΘ as
MΘ/2 ≤Mmatch ≤ 2MΘ (30)
to examine the dependence on the matching scale. We relate MΘ to the pNG boson mass MΠ
and hence to cH based on analogy with QCD: We argue that the Θ meson, being a massive two-
fermion confining state, is most analogous to K∗0 (1430) scalar meson in QCD [13]. Then MΘ
10
can be expressed in terms of the dynamical scale ratio r = ΛT/ΛQCD and the K
∗
0 (1430) mass
as MΘ = r mK∗
0
(1430), where mK∗
0
(1430) = 1.425 GeV [14]. Since r is related to the pNG boson
mass MΠ through Eq. (12) and MΠ is related to cH through Eqs. (25), (26), MΘ and cH are
linked. We fix SM parameters as MW = 80.385 GeV, αs(MZ) = 0.1184 and mh = 125.09 GeV,
ignore contributions through Yukawa-type couplings y1, y2, and further assume the U(1)X gauge
coupling to be negligibly small.
We present in Figure 1 contours of λ(MP/2) = 0, λ(MP ) = 0 and λ(2MP ) = 0 by black-
dashed, black-solid and black-dotted lines, and contours of βλ(MP/2) = 0, βλ(MP ) = 0 and
βλ(2MP ) = 0 by red-dashed, red-solid and red-dotted lines, respectively, on the plane spanned
by the cosine of the mixing angle cH and the top quark pole mass m
pole
t (the black-dashed, solid
and dotted lines are nearly degenerate). Each subplot corresponds to different matching scales,
with Mmatch = MΘ/2 for the left-bottom, Mmatch = MΘ for the up and Mmatch = 2MΘ for the
right-bottom. The blue-solid and dashed lines respectively indicate the central value and 2σ
lower bound for the top quark pole mass obtained from the pole mass direct measurement [16],
which reports mpolet = 173.1± 2.1 GeV.
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Figure 1: Contours for λ(MP/2) = 0, λ(MP ) = 0 and λ(2MP ) = 0, drawn by black-
dashed, black-solid and black-dotted lines (almost degenerate in the plots), and contours for
βλ(MP/2) = 0, βλ(MP ) = 0 and βλ(2MP ) = 0, drawn by red-dashed, red-solid and red-dotted
lines, respectively, on the plane spanned by the cosine of the mixing angle cH and the top
quark pole mass mpolet . The blue horizontal line The left-bottom, up and right-bottom sub-
plots correspond to different choices of the matching scale Mmatch in the RG equation with
Mmatch = MΘ/2, Mmatch =MΘ and Mmatch = 2MΘ, respectively.
The three subplots are similar, which assures us that the result is insensitive to the matching
scale. The intersections of the red and black lines indicate pairs of the mixing angle and top
quark pole mass that realize the MPP. We find that the cosine of the mixing angle cH and the
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top quark pole mass mpolet are given as
for MΘ/2 < Mmatch < 2MΘ and MP/2 < (the scale where MPP is realized) < 2MP ,
0.949 < cH < 0.963, 169.8 GeV < m
pole
t < 170.3 GeV. (31)
The MPP conditions are satisfied with the Higgs particle mass of mh = 125.09 GeV and
the top quark pole mass within 2σ bound of its direct measurement [16]. We comment on
experimental constraints from other top quark mass measurements [17, 18], which report
mt = 172.84 ± 0.70 GeV and mt = 172.44 ± 0.49 GeV. In these measurements, data are
fit with a Monte Carlo simulation performed with an event generator which includes the top
quark mass as a parameter, and some parameter value is regarded as the measured top quark
mass. Ref. [19] argues that the top quark pole mass can be smaller by 0.9 GeV compared to
the top quark mass parameter in event generators. Given this fact, the upper value of mpolet in
our result Eq. (31) is adjacent to the 2σ lower bounds of the measurements [17, 18] owing to
the 0.9 GeV separation.
We study phenomenology of the model. The mass ofH2 is related to cH asM2 = (cH/
√
1− c2H)(mh/
√
2)
and hence takes values in the following range:
266 GeV < M2 < 316 GeV. (32)
The pNG boson mass is M2Π = M
2
2 − M21 = M22 − m2h/2, which gives through Eq. (13) the
dynamical scale ratio r = ΛT/ΛQCD. Analogy with QCD yields the Θ meson mass MΘ =
rmK∗
0
(1430) and the NG boson decay costant fΠ =
√
2/3r f chiralpi , where mK∗0 (1430) and f
chiral
pi are
the K∗0 (1430) mass and the pion decay constant in chiral-limit QCD, respectively, and
√
2/3
accounts for difference in the gauge groups. Using values in Refs. [14, 15], we find
1.55 TeV < MΘ < 1.87 TeV, 770 GeV < fΠ < 931 GeV. (33)
Note that fΠ controls the mass of the U(1)X gauge boson, which originates from the dynamical
symmetry breaking and can be calculated from Eq. (7). The spectrum of new particles below
TeV scale thus comprises (i) isospin doublet scalar particles with hypercharge +1/2 made from
H2 field; (ii) the massive U(1)X gauge boson. As the approximated mass matrix Eq. (23)
respects CP symmetry, we label the charged, CP -even and CP -odd particles coming from
H2 field by H
±
2 , H
0
2 and A2, respectively. H2 field has Yukawa-type couplings with the SM
fermions, which stem from those for the elementary scalar H and are given in terms of the SM
Yukawa couplings ySMu , y
SM
d , y
SM
e and the neutrino Dirac Yukawa coupling yn as
−L ⊃ sH
cH
ySMu q¯u (ǫwH
∗
2 ) +
sH
cH
ySMd q¯dH2 +
sH
cH
ySMn ℓ¯n (ǫwH
∗
2 ) +
sH
cH
ySMe ℓ¯eH2 + h.c., (34)
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namely, the Yukawa couplings for H2 are proportional to the SM ones with the suppression of
sH/cH(∼ 0.3). On the other hand, since H2 has no VEV, tree-level couplings among one H2
and two W/Z gauge bosons are absent. Therefore, H±2 , H
0
2 and A2 particles mainly decay as
H+2 → tb¯, H02/A2 → bb¯ and H02/A2 → τ τ¯ at tree level and H02/A2 → (gluon)(gluon) through
a top quark loop, whereas they cannot decay into W/Z bosons at tree level. The branching
fractions are found as
for 266 GeV < M2 < 316 GeV,
Br(H+2 → tb¯) = 1.00,
0.52 > Br(H02/A2 → bb¯) > 0.40, 0.066 > Br(H02/A2 → τ τ¯ ) > 0.057,
0.41 < Br(H02/A2 → (gluon)(gluon)) < 0.55, 1.2× 10−3 < Br(H02/A2 → γγ) < 1.7× 10−3,
(35)
which are based on calculations for a SM-like Higgs boson [20], with the contributions of tree-
level W/Z couplings removed. Although tiny, the branching fraction for H02/A2 → γγ¯ through
a top quark loop is also shown because of its experimental importance.
In hadron collider experiments, promising channels to search for signals of H±2 , H
0
2 and A2
particles are the production of a single H02 or A2 particle through gluon fusion followed by the
decay into τ τ¯ or γγ, the Drell-Yan production of a H±2 pair followed by the decay into tb¯t¯b, that
ofH02 andH
±
2 pair or A2 andH
±
2 pair followed by the decay into b¯bt¯b/b¯bb¯t or τ¯ τ t¯b/τ¯ τ b¯t, and that
of H02 and A2 pair followed by the decay into b¯bτ¯ τ , since signals containing only bottom-quark
jets in the final state are overwhelmed by QCD multijet background. In 13 TeV proton-proton
collisions, the cross section times branching fraction for each channel is calculated as
when (cH , M2) varies as (0.949, 266 GeV) < (cH , M2) < (0.963, 316 GeV),
68 fb >
(
σ13TeV
(
pp→ H02
)
+ σ13TeV (pp→ A2)
)
Br(H02/A2 → τ τ¯ ) > 25 fb, (36)
1.2 fb >
(
σ13TeV
(
pp→ H02
)
+ σ13TeV (pp→ A2)
)
Br(H02/A2 → γγ) > 0.74 fb, (37)
5.5 fb > σ13TeV
(
pp→ H+2 H−2
)
Br(H+2 → tb¯)2 > 2.7 fb,
10 fb >
(
σ13TeV
(
pp→ H02H±2
)
+ σ13TeV
(
pp→ A2H±2
) )
Br(H+2 → tb¯)Br(H02/A2 → bb¯) > 3.9 fb,
(38)
1.3 fb >
(
σ13TeV
(
pp→ H02H±2
)
+ σ13TeV
(
pp→ A2H±2
) )
Br(H+2 → tb¯)Br(H02/A2 → τ τ¯ ) > 0.54 fb,
0.18 fb > σ13TeV
(
pp→ H02A2
)
Br(H02/A2 → bb¯)Br(H02/A2 → τ τ¯ ) > 0.057 fb. (39)
Here, the gluon fusion cross section is obtained by rescaling corresponding cross sections for a
SM-like Higgs boson in Ref. [20] by (sH/cH)
2, and the Drell-Yan cross sections are computed
at tree level with CTEQ6L1 [21] parton distribution function by MadGraph5aMC@NLO [22].
Eq. (36) is confronted with the search for a single heavy Higgs boson decaying into a τ pair
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with 13.3 fb−1 of 13 TeV pp collision data [23], which reports the 95% certainty level (CL)
bound on the cross section times branching fraction to be 1 pb for M2 = 266 GeV and 0.4 pb
for M2 = 316 GeV, and hence our model is not constrained. Eq. (37) is confronted with the
search for a diphoton resonance with 15.4 fb−1 of 13 TeV pp collision data [24], which reports
the 95% CL bound on the cross section times branching fraction to be 10 fb for about 300 GeV
invariant mass, and hence our model is not constrained. The processes of Eq. (38) mimic the
event topology of ”single charged Higgs boson production associated with t¯b, followed by the
decay into tb¯” which is searched for with 13.2 fb−1 of 13 TeV pp collision data [25]. The 95%
CL bound on the cross section times branching fraction is 1 pb when a tb¯ pair is not boosted,
which is the case for our model, and hence the model safely evades the constraint. For the
processes of Eq. (39), no corresponding report with 13 TeV collision data is found.
The model is constrained by the measurement of b→ sγ decay, as H±2 particle contributes
to the process. The bound on M2 in our model equals that on the charged Higgs boson mass
in Type-I two Higgs doublet model with tanβ = cH/sH in Ref. [26]. Since 3.6 > cH/sH > 3.0,
our model is not excluded.
We discuss experimental implications of the U(1)X gauge boson. Below the confinement
scale, the U(1)X gauge boson couples exclusively to SM fermions and SM-gauge-singlet neu-
trinos, and the mass is given by MX = 2
√
2gX fΠ, with 770 GeV < fΠ < 931 GeV and gX
denoting the U(1)X gauge coupling constant corresponding to the charge assignment in Ta-
ble 1. This gauge boson is not experimentally ruled out if 10−5 e < gX < 10
−3 e (e is the
electric charge) and thus 10 MeV < MX < 1 GeV, where the lower bound guarantees that it is
free from cosmological and astrophysical constraints. 3 For x = O(1), and unless x ≃ 0 so that
the couplings with leptons are non-negligible, the most stringent upper bound on gX derives
from the search for dark photon A′ in the process e+e− → γA′, A′ → e+e−, µ+µ− [27]. The
reported bound is translated into the bound x gX . 5 × 10−4 e in our model, but the actual
bound is weaker because the U(1)X gauge boson can also decay into neutrinos. We comment
that a lower bound on gX cannot be obtained from the electron-beam-dump experiment search-
ing for bremsstrahlung production of dark photon off an electron followed by the decay into
e+e− reported in Ref. [28], because gX is always smaller than the experiment’s coverage due
to the relation MX = 2
√
2gX fΠ. For x ≃ 0, the U(1)X gauge boson is produced from qq¯, and
if kinematically allowed, by rare meson decays [29], and decays dominantly into π+π− when
1 GeV ≥ MX & 0.3 GeV. In the special case when x = 0 and MX < 0.28 GeV, the U(1)X
gauge boson decays into three photons through its vectorial coupling with quarks, analogously
to the ortho-positronium decay into three photons. There is no bound for the U(1)X gauge
3 Gauge bosons with such values of gX and MX are called ”visible dark photon”.
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boson in the above two cases where it decays into π+π− or into three photons.
We have presented an extension of the Standard Model where the multiple-point principle
is realized. Our model bears classical scale invariance, and the Standard Model Higgs field
with a tachyonic mass emerges through the mixing of an elementary massless scalar field H
and a pseudo-Nambu-Goldstone field Π coming from SU(2)T strongly-coupled gauge theory.
The Standard Model Higgs quartic coupling is induced from that for H , which gives a gap
between the two quartic couplings and allows the H quartic coupling to satisfy the conditions
for the multiple-point principle without contradicting the measured Higgs particle mass. By
solving the renormalization group equations, we have derived the pseudo-Nambu-Goldstone
boson mass and the top quark pole mass with which the multiple-point principle is attained.
Based on the pseudo-Nambu-Goldstone boson mass thus obtained, we have predicted the mass
spectrum of new particles and their experimental signatures.
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